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ABSTRACT 



A system and method are provided for modulating the base 
rate of a transfer function for a rate-responsive cardiac 
paoemalcer. Activity sensor n^urements ait used to derive 
acdvity variance measurements, which in turn arc used to 
modulate the base pacing rate. In one embodiment, a histo- 
gram is used to store activity variance measurements col- 
lected over a period of about a week. The histogram is used 
to derive an activity variance threshold, whidi is compaied 
to current activi^ variance measurements to detennine if the 
patient is sleeping. If the patient is deemed to be sleeping, 
the pacing rate is set to a rate that comfortably meets the 
patient's low metabolic demands during sleep. In alternative 
embodiments, the acdvity variance measurements are 
applied to abase rate slope to modulate the base pacu^ xate. 
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SYSTEM AND METHOD FOR MODULATING 

THE BASE RATE DURING SLEEP FOR A 
RAIE-RESPpNSIVE CARDIAC PACEMAKER 

BACKGROUND OF THE INVENTION ' 

Tlus inveotiaii idates to inqjlantable cardiac pacemakers, 
and particularly to ratc-responaivc cardiac pacemakers. 
More paiticalaily, this invention relates to a system and 
method for modulating the base rate by a transfer function 
foe a rate-responsive pacemaker, between aresting rate that 
is suitable for the patient while awake but at rest, and a 
sleeping rate that meets the patient's low metabolic demands 
during sleqi. 

A pacemalfier i« aw ItwplantnW ft tnf^K^ I ifayirai* ttinf ^Hyu 

ers dectiical sdmniatfom pulses to cantiac tissue to relieve 
symptoms associated with bracfycardia^^ coivlition in 
which a patient cannot normally maintain a physiologically 
acceptable heart rate. Early pacemakeis deUvcted stimula- 
tion pulses at regular intervals in cider to maimain a 
predmennined heart rate— typically a rate deemed to be 
appropriate for the patient at rest The predetermined rate 
was usually set at the time the pacemaker was implanted, 
although in more advanced pacemakers, the rate could be set 
lemmely after implantartnn. Such paconakers were known ^ 
as '^asynchronous'* pacemaken because they did not syn- 
chronize padiig pulses with natural cardiac activi^. 

Early advances in pacemaker technology included the 
ability to sense the patient's natnral cardiac rhythm (ie., the 
patient's hitracanllac electrogram, or 'IEGM'7* llus led to 
the development of "demand paoemakera"— so named 
because they deliver stimulation pulses only as needed by 
the heait. Demand pacemakeis are capable of detecting a 
spontanrous, hemod^fnamically effective cardiac contniction ^ 
which 00OU8 within a pndelefmined time pcdod (com- 
monly ref ened to as die 'Icsca^ interval'*) foUowiqg a 
precedmg contiaclion. When a naturally oocunii^ contra^ 
tion is detected widdn the escape interval, the demand 
pacemakfir does not deliver a padng pulse. Tlie abiHty of ^ 
demand pacemakers to avoid delivery of mmecessazy sttnuh 
lation pulses is desirable because pacing pulse inhibition 
extends battery life and avoids oonqxtition with the 
padenf 8 intrinsic riiythm. 

Modem demand pacemakers allow physicians to tele- 45 
metrically aiQust the length of the escape interval, whidi has 
the effect of altering the heart rate maintained by the device. 
However, in early devices, this flexibility only allowed for 
adjustments to a fixed programmed rate, and did not accom- 
modate patients who refpiirsd iiicreased or decreased heart 50 
rates to meet changing physiological requirements during 
periods of devated or reduced i^yaical acdvity. Hierefore, 
unlike a person widi a properly funcdodng heart, a patient 
icceiviiv thenq>y from an early demand pacemaker was 
paced at a constant heart late—ffpgaidless of the level to 35 
which die patient was engaged in pl^sical acdvi^. Ihus, 
during peikMb of devated physical activity; the patient was 
sutject to adverse physi olo gical consequences, induding 
li^itheadedness and episodes of firinting, because the heart 
rate was forced by the pacemaker to remain constant ^ 

The advise effects of constant rate padng lead to the 
development of '^rate-reqxmsive pacemakers" which can 
automatically adjust the patient's heart rate in accordance 
widi m^abdic demands. An implanted rate-re^)onsive 
pacemaker typically operates to malnttrfTi a predetermined 6S 
mininnim heart rate when the padent is engaged in physical 
activity at or bdow a tlneshold levd, and gradually 
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increases the mainteined heart rate in accocdance widi 
increases in physical activity until a maitttmim rate is 
reached. Rate-responsive paconakere typically indude pro- 
cesang drcdtry diat correlates measured physicd acdvi^ 
to an appropriate heart rate. In many rate-rcqmnsive paoe^ 
makers, the mim'mnm heart rate, maximum heart rate, and a 
slope defining transition rates between the mtnlmmn heart 
rate and the maximum heart rate, are parameters that may be 
tdemetiically adjusted to meet die needs of a particular 
patient. 

One approach that has been considered for enabling 
rate-iesponsive pacemakers to determine an sy^propriate 
heart rate involves the use of a physidogical parameter that 
reflects the patient's levd of metdwlic need. Physidogical 
parameters that have been considered indude central venous 
blood tenqierature, blood pH levd, QT time intervd and 
re^iiradoa rate. However, certain drawliacks (such as slow 
response time, unpredictable emotionally-induoed varia- 
tions> and wide vaikbility across incfividuds) render the use 
of diese physiolpgicd paianu^ difficult, and accordingly, 
they have not been widdy used in practice. 

Rather, most rate-rcsponsive pacemakers employ sensors 
that transduce medianicd forces associated with physicd 
acdvity— the levd of physicd acdvity behig indicadva of 
the patient's levd of metabolic need. These activity sensors 
generally amtain apiezod«:tric transducing dement which 
generates a measurable dectiicd potentid when a mechani- 
cd stress resulting from jiiysicd activity is experienced by 
the sensor. By andyzing the signd finom a pieuidectiic 
activity sensor, a rate-rcsponsive pacenujker can ^Mmr*!"^ 
how fiequently pacing poises should be applied to die 
patient's heart. 

Pie audecUi c dements for activity sensors are commonly 
formed finxn piezodectric crystals, such as quartz or barium 
titanite. Recentiy, however, activity sensors have been 
designed whidi use thin films of a piezoelectric pdymer, 
such as pdyvinyliderK fluoride (commody known by the 
trademark KYNAR, owned by ATOCHEM North America), 
rather dian the more commody used piezoelectric crystals. 
Activity sensors so designed are described in copending, 
commody-assigned U.S. patent e^lications Set No. 
08A)59,698, filed May 10, 1993. now U.S. Pat Na 5383. 
473 entitled **A Rate-Re^Kmsive Implantable Stimulation 
Device Having a Miniaoire Hybrid-Moontable Acoderom- 
eter Based and Mohod of Fdnication," and Sen No. 08/091 , 
asO, filed Jui 14 1993, now U.5. Pat Na 5,42S,750 entitied 
"Accelerometer-Based Mdti-Axis Pl^sicd Activity Sensor 
for a Rate-Responsive Pacemaker and Method of Fabrica- 
tion,'' which are herdiy incorporated fay lefaeux in dietr 
entireties. 

A variety of signd processing techniques have been used 
to process the raw sensor signals jmyvided by activity 
sensors. For exan^le, in one approach, the raw signals are 
rectified and filtered. Ahemativdy, the frequency at wMdi 
the highest peaks in the signds occur can be modtored. 
Regardless of the particdar method used, the resdt is 
typk:dly a digitd signd that is iixlicative of die levd of 
sensed activity at a given time. In one preferred appioach, 
the digitd signd is produced by repeatedly integrating the 
mw sensor signals until a prBdetermined direshold value is 
reached. Each time the threshold is readied, a digitd trigger 
pulse is generated. A counter is used to count the number of 
trigger pulses tiiat occur in a fixed period of time (e.g., the 
mmiber of trigger pulses that occur during an approximatdy 
100 ms period within each heartbeat intervd). The count 
reached at the end of the fixed period of time is provided to 
processing drcuitry in die pacemaker; which processing 
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drcuitiy typically includes a microprocessor. 

The processing dicuitiy then uses the count signal to 
produce an activity level measurement that represents the 
patient's activity level. Hie appropriate rate at which the 
patient's heart is to be stimulated (known as the sensor- 
indicated rate) is determined by applying a transfer function 
to the activii^ level ffleasmemem. The transfer function 
defines a sensor-indicatBd rate fax each possible adivily 
level measmement 

An example of a xate-iesponsive pacemaker m which a 
transfer function is used to calculate the sensor-indicated 
rate is described in commonly-assigned U.S. Pat No. 5,074, 
302 of PooTB et aL Ctbz '302 patent which is hereby 
incorporated by reference in its entire^. As described 
therein, when relatively little acdvity is detected, the activity 
level measurBmcnt is ordiiiarily below a low activity thresh- 
old. When the activity levd measurement is below the low 
activity threshold, the sensor-indicated rate is set to a base 
pacing rate (e.g., 60 beats per rmnote (bpm)), as defined by 
the transfer fumrtion. At levels of rneasured activity, the 
activity levd measurement may exceed a high activity 
threshold When this occurs, the sensor-indicated rate is 
limited to a maximum pacing rate, so that the patient's heart 
is not stimulated too rqndly. If die vahie of the activi^ level 
measurement Ms between die low and high acdvity thresh- 
olds, the pacemaker qijplies padng pulses to the patient's 
heart in accordance with the rate determined by the transfer 
funcdon, generally at a rate somewhere between the base 
pj^-^ng xatB and the maximuiD pudT^g iste* 

Typically, fior aodvi^ level m ea aui cments between die 
low and high thresholds, the transfer function is linear; Hie 
slope of the tninsfiBr foncdon determines increases (or 
decreases) in the pacing rate oone^xmding to a given 
increase (or decrease) in the activity lewl measurement The 
larger the slope, die more rapi^y the pacing rate will 
inoease (or decrease). 

The slope of the transfer function in typical rate-respon- 
sive paoeinakers is telem^xically a4iustable by aphysidan, 
so that the operation of a pacemaker can be tailored to suit 40 
an individual patient's needs. During foUownqi visits, the 
slope may be adjusted by the physician if the patieof s 
Gonditian warrants a change. However; for some patients, 
more frequent dope adjustmoits may be desirable. In view 
of dds need, pacemaken have been designed which can 
automatically ai^ust the slope of the transfisr function. The 
'302 latemdescAira one sudiapproadH-inwWdi high and 
low aven^ of activity sensor readings are used In con- 
nection with p e ptugia mmed base and maiimmn padng 
rates to derive an appiopiiate slope for die transfier function. 

Another approach for automatically adjusting die slope of 
the transfer function is described in commonly-assigned, 
copending U.S. patent application Ser. Na 08/235,194, filed 
Jun. 7, 1994^ entided ''System and Mediod for Automati- 
cally Determining die Slope of a Ttansfer Function for a 
Rate-Re^nsive Cardiac PftcemakfT,** which is hereby 
incorporated by reference in its entirety. Tbs ^jproach 
described therdn uses the patienf s activity profile, as rep- 
resented by an activity levd histogram stored in die pace- 
inaker's memory, to actjust the slope of the transfer function. 60 
The activity level histogram cdlects activity levd measure- 
ments over a predetermined period of time, prefierably about 
a week. Eadi week, the activity levd histogram is evaluated 
to determine if a slope adjustment is warranted. If an 
acSustment is deemed to be appropriate, the activity levd 
Ustogcam is used, In connection widi prquogrammed base 
and marimum padng rates, to define the new slope. Ibe 
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activi^ level histogram is then cleared so that new data may 
be collected for the next adjustment cycle. In addition, die 
pacemaker described in copending U.S. patent application 
Ser. No. 08/255,194, filed Jun. 7, 1994, advantageously 
inhibits slope adjustment if it is determined that the patient 
was bedndden for a significant portion the most recent data 
collection cyde (i.e., the previons wedc). Rirther» the above 
copending U.S. patent ai^lication, Ser. No. 08/255,194, 
filed Jun. 7, 1994, describes an approach diat can be used to 
detemtine a slope diat accommodates a patient's regular 
exercise routine. 

Tbe advances described in die '302 patent and the above 
copending qypEcation Sei: Na 08/255,194, filed Jun. 7, 
1994, have ]e»d to die devdqpment of extremdy flexiUe 
pocemaikeis that enable bradycardia patients to adueve a 
levd of cardiac performance that doady resenibles diat of 
healthy individuals. However, diere are certain areas in 
which flexibility can be improved even ftrthet For eicample, 
in most rate-responsive pacemakers, the base pacing rate 
(which, as descra>ed above, defines the minirmmi heart rate 
maintained by the pacemaker) is usually set tdemetrically 
by die physician in connection widi die hr^lantation pro- 
cedure and then afterward, as needed, dinirig follow-up 
visits. Hie base pacing rate is usually set at a rate diat 
comfortably meets the patient's metabolic needs for when 
the patient is awake but reladvdy inactive. . 

While a hedthy individud is awake but rdatively inac- 
tive, the individud's heart rate is usually maintained at a 
'^resting rate.** Duririg sleep, the heart rate of a heddiy 
individud typically drops to a **8le6plng rate" diat is bdow 
the resting rate, b tUs respect; pacemaker-assisted cardiac 
perfbrmanoe nsudly dlffbrs from vAisx Is ordinarily expedT 
enced by healdiy individuals. More predsdy, the fixed base 
pacing rate of die pacranaker (which is analogous, to a 
hedtl^ individnd's resting rate) prevents die patient fimn . 
expedendi^ a sleqdng rale, widdi if availaUe, may be 
more oomfottdile fof the patient during sleep. 

The diffierence between die dealing rate and die resting 
rate for hedthy individnds is usually rather small (typically 
in the range fiomdxnit 10 bpm to about 20 bpm). However; 
the faiability of some paremakfys to maintdn a sleeping rate 
may cause the patient to have some difficdty idling adeqs, 
and may occasionally lead to a restless dght of sleep. la 
additi(xi, since it is lUcdy that a s]eq[nng pacemaker patimt 
bdng paced at a restio^ rate could withstand (and even 
ben^ firom) a lower sleeping rate, the pacemaker wastes 
limited energy reserves by mmntaining die unnecessarily 
Ugh resting rate. 

In view of die fovegoir^ it would be desirable if die base 
pacing rate of arate-reqiGndve pacemaker could be modu- 
lated between a resting rate that is suitable for the patient 
while awd» but rdativdy inactive, and a sleeping rate diat 
meets the patient's low metabolic demands dining sleep, it 
would dso be desirable if die base padng rate codd 
gradually transition between a deeping rate and a resting 
rate, so that abrupt rate changes as the patient transitions 
between deep and wakefulness can be avmded. 

SUNfMARY OF THE INVENn(»9 

In accordance with the present invention, a system and 
method are provided for modulating the base padng rate of 
a rate-responsive pacemaker between a rcsthg rate diat is 
suitable for the patient while at rest but awake, and a 
deepiqg rate that meets die patient* a low metabolic demands 
durlQg sleep. 
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In a prefetted embodunent, the late-iesponsive pace- 
maker includes a conveatiQiial pacemaker ciicoit that is 
capable of generating pacing pidses in any of the krown 
pacing modes in accordance with instructions provided by 
processingciicuitiy (which iffeferaUy includes a micropro- 5 
cessor). Pacing pulses axe delivered to the patient's heart 
tfanm£(h at least one conventional pacing lead; which is also 
used to sense natural cardiac acdvi^ when padng poises are 
not being deUveted. By sensing namral cardiac acdvi^, the 
pacemaVer is enable of operating toademand mode, which iq. 
advantageously extends battery life. 

Hie processing circuitry regulates the operation of the 
pacemaker circuit in accordance with control routines and 
parameters that are stored in a memoiy. Hie control routines 
and parameters may be modified by a physician through the iS 
use of an extonal programmer wMch communicates with 
the pacemaker through a telemetry circuit inchided within 
the pacemate. In addition, the tdenietty circuit may be used 
to communicate infbnnation from tbe pflCCTiakgr to the 
external programmer, such information inchiding cardiac 20 
acdvi9 sensed by the padi^ lead. 

The rate-responsive pacemaker indudes a sensor for 
measming metidx>]ic need— preferably an activity sensor 
that measures the patient's level of physical activi^ at any 
given time. PrefieraMy, die activity sensor contains a piezo- ^ 
electric element that generates a measurable electrical poten- 
tial when a mechanical stress resulting from physical activ- 
ity is expoiencedby die sensot Suitable activity sensors are 
described in the above-incorporated U.S. patent applications 
SeL Nos. 08A)S9,698 and 0M9\fi50. now VS. Pat Noa. 30 
5^83,473 and 5,425,750, respectively, aldwugh olfaer types 
of activi^ sensors may be used 

Ihe processing circuiixy determines die appiopciaie pac- 
ing rate by iQrplying die activity level measurements to a 
transfer function. The transfer function may be generally ^ 
characterized by a base padQg rate for low activity levds, a 
maximum pacing rate for hi^ activity levds* and a slope 
diat dffflnfft pachig rates between the base pa«*^t^ mtp. anA 
the maxiimini pacmg rate^ 

When an activity level measurement is beiow a low ^ 
activi^ dseshold, the pacemaker circuit is instructed by the 
processing drcuitry to generate pacing pulses at the base 
pacing rate as needed by the patient's heart Whea an 
activity level measurement exceeds a high activity thresh- 
old, the pacemaker drcuit is instructed to generate pacing 
pulses at die rn ff *?*^^ " '" pacing rate, as nfpd pd. 

Ihe riate at which the rate-responsive panmnnker ^iplies 
pacing pulses to the patient's hesot preferably varies Hneariy 
hi die region between die base pacing rate and the maximum 50 
padng rate, and is therefore characterized by a slope. 
(Ahhongh a Imear relationship b^een the base padng rate 
and die maximum pacing rate is preferred, other relation- 
ships mi^ also be used without departing from the spirit of 
the invention.) The slope of the traosfer function allows the 55 
pacraudoer to deliver paciiig pulses at a variable rate in 
aoooidaDce with variations in tiie activity level measure- 
ments. If the pacemaker is operating in aoooidanoe with a 
transfer fimctton diat has a gradual slope, char^ hi die 
pacbg rate will aoconfiog^ be move gradual £an if die ^ 
slope were stoker. 

Preferably, die maximum padng rate is telemetricaUy 
programmed by tbe physidasu The slope (or other relation- 
ship) HftfiniTig {Btcing rates between the base pnHng rate 
die maximum pacing rate nia y also be pn^ramnied by ^ht* 55 
physician. Alternatively, die slqpe may be initially pro- 
grammed by the physician and dien autoimtically oHjiitttfH 
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thereafter; as described in the above-incorporated U.S. 
patent application Ser. No. 08/255,lH died Jun. 7, 1994. 

The base pactng rate may also be telemetiically pro- 
grammed by the physician and, as described above, it is 
typically set at a restitjg rate (e.g., 65 bpm) that is qipro- 
ptiate fbr when die patient is awake but relatively inactive. 
However, in accordance with the piindples of the present 
invention, die base padng tate is not necessarily fixed at die 
resting rate. Rather, the base padng rate is "^ifltM 
between die restiing rate and a sleeping rate that is lower than 
die resting rate. Tbe sle^mg rate is preferably set by the 
id^skian to arate diat coml^laMy meets die patient's low 
metabolic demands duriiig sleep (e.g., 55 bpm). 

The present invention provides three approaches for 
modulating the base pacing rate. In the first approach, the 
processing circuitry uses information derived from the activ- 
ity level measuremoits to determine v^ien the patient falls 
a^eep. After the patient falls asleep, the processor switches 
the heart tate maintainrri by the pacemaker from the pre- 
programmed resting rate to the p reprogrammed sleeping 
rate. While the paoemnker is mflintainiiig the patient's heart 
rate at the sleeping rate, the processhig circuit^ continues to 
monitor the information derived from the activity level 
measurements to dFtermiim when the patient awakens. 
When die proc»sing drcuitry detendnes that die patient is 
no longer sle^nng, it switches the padng rate bade to the 
resting rate. 

Tbe processing drcuitry performs a two part test to 
determine whedier die patient is sleeping. Hrst, the process- 
hig drcdtry determines if the current activity levd mea- 
surement is below a low activity threshold Hie low activi^ 
threshold may be preprogrammed by the id^sidan, bitt 
preferably, the low activity threshold is defined by mam- 
taining a rumdng average of the activity level measure- 
ments. Since the typical paient is relatively inactive most of 
die time, the nmning average qiproximalely corresponds to 
the patient's resting activity level 

Second, the processing drcuitry derives an activity vari- 
ance measurement from the activity level measurements, 
and determines if the derived activity variance measurement 
is below an activity variance threshold. Aldiough die activity 
variance ttneshold can also be prqsogrammed by die phy- 
sidan, the processor preferably uses an activity variance 
histogram stored in the pacemdcer's memory, aloiig widi a 
pr e pr o g r am med parameter that defines the number of hours 
the pattern typically sleeps each day, to determine the 
activity variance threshold on a periodic basis. The proces- 
sor uses die preprogrammed mimber of daily sleep hours to 
estimate the highest bin of the activity variance histogram 
that contains activity variance measurements that were 
derived during sleep. Hie selected bin defines the activity 
variance threshold. Preferably, die activity variance histo- 
gram contains activity variance measurements collected 
over a period of about a week. 

If the current activity level measurement and the current 
activity variance measurement are below their respective 
tfareshoids, the patient is deemed to be sleqiii^, and aocord- 
ingly. the processing drcuitry sets the padng rate to the 
sleeping rate. Otherwise, die prooessiqg drcuitry sekcta a 
padng rale in aooordanoe wtdi either the nesting rate, the 
cunendy active slqpe of die transfer function, or die maxi- 
mum pacing rate. 

In die second approach for modulathig the base padng 
rate, die prooesshig drcuitry uses a diree-term transfer 
rdation diat essentially defines the transfer frmction of the 
pacemaker (except for the maximum padng rate, which Is 
programmable). Hie transfisr relation receives as ii^xit a 
sleeping rate, a base rate slope, an activity variance mea- 
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smement an activity slope» and an activity level measuie- 
ment— and provides a heart tate as an output 

A fiist term of the transfer relation defines the sleeping 
rate which, as described above, is set to a rate that comfort- 
ably meets the patient's metabolic demands during sleep. 5 

The second term is the product of the activity variance 
measurement (derived by the processor from the activity 
level measurements) and tiie base rate slope (which Is 
preprogrammed by the physician). The purpose of the sec- 
ond term is to giaifaially increase the base pacing rate to rates 10 
above the sleeping rate defined by the fost term. The base 
rate sifspe is preferably set at ara^ierlow level — such that 
the second term typically contributes only about 0-15 bpm 
to the base, pacing rate. Thus, in accordance with tiiis 
q)proach, die base pacing rate is modulated in accordance 
with the sum of the first and second terms. Like the first 
approach, activity variance measurements are used to modu- 
late the base padng rate. 

The third term is the product of the activity level mea- 
surement and the activity slope (which may be pn^rammed 20 
by the physician or automatically selected by the processing 
drcuitry). The third term increases die heart rate defined by 
the tran^ relation from the base pacing rate (as defined by 
the sum of the first and second terms) to a rate appropriate 
for the patiem's current level of activity. 

The main advantage offered by the second £y)pn)ach is 
that die base padng rate gradually transitions from the 
sleeping rate to rates that are appr o pri ate when the patiem is 
awake but rdalivdy inactive. Also, dtis approach allows the 
base pacing rate to be set to rates between the sleqinng rate 
and a resting rate, which may be ai^sroprialB if the patient is ^ 
extremely inactive while awake (&g., bedridden). Another 
advantage is that there is no need to maintain an activity 
variance histogram^ therein conserving limited memory 
space. Although the second qjproach does not use a fixed 
resting rate, for practical purposes, the gradual base rate 35 
slope eSiecdvely limits the base pacing rate to a rate appro- 
priate for when the patient is awake but relatively inactive. 

The third tqyproach to modulating the base padng rate is 
mmilar to the second apptnarh^ in fiiat a dnee-teim transfer 
relation defines the transfer fimction of the paremaker The 40 
first two terms of the transfer rdation define the base pacing 
rate in substantially the same manner as that described for 
the second approach. However; in this approach, the third 
term uses activity variance measnremeots, instead of activity 
level measumnents, to determine the amount by ^i^iich the 45 
base pacing rate should be increased to accommodate 
heightened levels of activity. 

The activity variance measurements used for the third 
term are digitally filtered using a relatively short time 
constant (e.g., about 1.6 mimitesX In contrast, the activity 5Q 
variance measurements used for the second term are digi- 
tally filtered using a relatively long time constant (e.g., about 
38 minutes). The longer time constant results in a filtered 
activity variance measurement that is resistant to short-term 
fluctuations in the patient's activity level. This, in turn, 
causes the first and second terms of the transfer rdation to ^ 
yield a stable base pacing rate that gradually transitions 
between the sleqihig rate and a resthig rate. The shorter time 
constant used to derive the activity variance measurements 
for the third term allows the transfer relation to respond 
sqndly when die patient engages in physical activity. ^ 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other advantages of the invention will be 
apparent upon consideration of die followh^ detailed 
descr^tion, taken in conjunction with the aooonqnnying 65 
drawings, in which like reference numerals refer to Ifte parts 
throughout, and hi which: 
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HG. 1 is a block diagram of a xat^-responsive pacemaker 
which can modulate the base pacing rate of a transfer 
fonction in accordance with the principles of the present 
invention; 

FIG. 2 generally illustrates the manner by which the 
rate-responsive pacemaker of FIG. 1 can modulate the base 
pacing rate of the transfer function in accordance with the 
principles of the present mvention; 

FIGS. 3 and 4 depict logic fiow diagrams representing a 
first embodlnm of a oontnd program used by the processor 
shown in FIG. 1 to modulaie the base pacing rate of the 
nansfer iimction in accordance widi die principles of the 
present invention; 

FIG. 5 depicts an illustrative activity variance histogram 
used by the processor shown m FIG. 1 to modulate the base 
padng sate of the transfer function in accordance with the 
principles of the present invention; . 

FIG. 6 is a graph depicting a plot of pacing rates, and a 
plot of activity variance measurements used by the processor 
shown in FIG. 1 to derive the padng rates, in accordance 
with the first embodiment of the contnd program shown in 
FIGS. Sand 4; 

no. 7 dqoicts a Ipgte flow diagram representiiig a second 
embodiment of a controil program nsed \fy die processor 
shown in FIG. 1 to modulate die base padng rate of die 
transfer fonction in accordance with the prlndples of die 
present invention; 

FIG. 8 is a graph depicting a plot of pacing rates, and a 
plot of activi^ variance measurements used by the processor 
shown in FIG. 1 to derive die padng rates, in accordance 
with the second embodimem of the control program shown 
in FIG. 7; 

FIG. 9 depicts a logic flow diagram rquesentiDg a third 
embodiment of a control program used by the processor 
shown in FIG. 1 to modulate the base padng rata of the 
transfer fonction in accordance with the prindples of tiie 
presem uivention; and 

FIG. 10 is a ffaph dqncting a plot of pacing rates, and 
plots of activity variance measurements used by the proces- 
sor shown in FIG. 1 to derive the padng rates, in accordance 
with the third embodiment oi the centred pn^ram shown in 
HG.9. 

DEI AILBD DESCRIPTION OF THB 
PREFERRED EMBODIMENTS 

Referring first to FIG. 1, a block diagram rcpresentiog a 
rate-iesponsive pacemaker 20 configured in accordance widi 
the pmic^les of die presem invention is described, fo many 
respects, the pacemakrar 20 operates in a conventional man- 
ner to provide padng pulses at a rate that comfortably meets 
die patient' s metaboKc demands. More precisely, die pace- 
maker 20 uses signals generated by a piezoelectric physical 
activity sensor 22 to determine die extent to which the 
patiem is engaged hi physical activity-^ measured level 
of activity being indicative of metabolic need. 

Any sensor that provides a suitable response to physical 
activity may be used as the sensor 22, iwrlii<!tng the activity 
senam deiscribed m die above-mcorparated U.S. patent 
qiplications Set. Nos. 08/091,850 and 08/059,698, now U.S. 
Pat Nos. 5,425,750 and 5383,473, respectively. The prin- 
dples of the presoit invention may also be applied to 
pacemakers wMdi use other physiologic sensors to measure 
metaboUc demand, soch as blood oxygen sensors, pH sen- 
sors, temperature sensors, etc 
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Ihe stgnals goienled by die sensor 22 aie initially 
recdved^ aseDSCffdraiit 24. The sensor cticait24ixi^^ 
processes the raw signals generated by the sensor 22 to 
provide digital sensor signals to a processor 26 (which 
preferably includes a microprocessor (not shown)). In a 5 
preferred embodiment, the sens(X' dxcuit 24 repeatedly int&- 
grates the raw sensor signals from the sensor 22 mitil a 
' predetermined threshold is reached. Each time the threshold 
is reached, a digital trigger pulse is generated that iocre- 
ments a counter (not shown) of the sensor dicait 24. lo 

Ihe processor 26 determines the patient' s level of activity 

periodicdly exainiiung the contents of the counter of the 
sensor circuit 24. Fk?^erd}fy, the processor 26 exaniines die 
contents of the counter once each heaiibeat interval lb 
conserve powei; the sensor diGoit 24 is preferably powered ^ 
for oxHy a small ftactiaa of each heartbeat tntervaL For 
eicample, die sensor dicoit 24 may be powered for qiproxi- 
matdy 100msduiingeacliheard)eatintBrvaLAttheendof 
die 100 ms period, tfaeprocessor 26 reads decontents of the 
counter and then resets the counter for the next heartbeat 20 
interval Hie processor 26 uses the values read from the 
counter to derive activity level measoiemeots, in a manner 
described in greater detail bdow. Preferably, tbe sensor 22 
and the sensor circuit 24 are calibrated sodi that about 416 
counts craresponds to about erne unit of gravity (G) mea- 25 
suied by the sensor 22. 

In addldon to the sensor 22, the sensor circuit 24, and die 
processor 26, the pacemaker 20 includes a pacemaker circuit 
28 (wfaicfa may be conventional), and amnnory 30 coupled 
to die processor 26. The paoRfnaVnr circuit 28 inchides a ^ 
pulse genoator circuit 32» a timing and control chcuk 34 
couided to the pulse generatCK' drcuit 22 and to the processor 
26. and a telem^ drcdt 36l The tdemeliy dxcoit 36, 
^rtodi telemetrically communicates with an exterml pro- ■ 
gtammer 38, is coupled widdn die pnmnalrrr 211 to tfae^ 
memory 30 and the timing and control ctrcuit 34. 

Coupled to the pulse generator dicuit 32 is at least one 
conventional padqg lead 40 (ahfaough mote pacing leads 
can be used ^ needed, as would be die case for a patient ^ 
receiving dual-chamber pacing diersqiy). The pacing lead 40 
is used to ddiver padng pulses provided by die pdisc 
generator circuit 32 to the p^i^fs heart 42. in addition, the 
pacing lead 40 senses the natural ihydim of tlie heart 42 
(eg., the patient's lEGM), and presents a signal ixK&ative 
thereof to the timing and control drcoit 34. The ability to 
sense the natural rhythm of the heart 42 emddes the pace- 
maker 20 to operate in a demand mode, in which delivery of 
a pacing pulse is inhibited by die tindng and control drcuit 
34 when a naturally occurring cardiac contraction is sensed ^ 
duringthe escape interval foUowiiigapiecedingcontractioiL 

Althougfa the foUowtrig description assomea that the pace- 
maker 20 operates in a d ff'w yd mode, it f^gftld be under* 
stood that a shxipler implementation is possible, in which the 
pacemaker 20 does not inhibit delivery of padng pulses ss 
when natmaUy occurring contractions are sensed. Also, 
demand mode may be a telemetrically programmable fea- 
ture, allowii^ the pacemaker 20 to be switdied into and out 
of demand inode when desired by a physician. 

In order to regulate die rate at which die pacemakw 20 60 
delivers pacing pulses to die heart 42, the processor 26 
provides a rate control signal to die timing and control 
circuit 34. The rate control Bignal provided by the processor 
26 preferably ad|usts the esc^ interval used by die timing 
and control circuit 34, which has die effect of changing d^ 65 
maintained heart rate. Increasing the escqie hiterval 
decreases the maintained heart rate, because die pacemaker 



20 gives the heart 42 more time to contract on its own before 
the next padng pulse is ddiveced. Decreasix^ the esc^ 
interval has the opposite effect 

Referring now to HG. 2, an illustrative transfer fonction 
50 for a rate-responsive pacemaker is described so that the 
prindples of the present invention may be better understood. 
The transfer function 50 m^ be used by the processor 26 
(FIG. 1) to correlate at^ vity level measurements (as derived 
by the processor 26 of FIG. 1) shown akmg the horizontal 
axis to sensor-jndicated heart rates shown along die vertical 
axis. 

Two activity levels are noted on the horizontal axis of the 
transfer fonction 50— a low activity dire^ld 52 and a hi^ 
activity dnreshold 54. For activity level measurements above 
die Ugh activity dneshold 54, the pacing rate is maintained 
at a maximum pacing rate 56, shown in diis case to be about 
ISO l^m For activity levd measurements between die low 
activity dueshold 52 and die high activity threshold 54, the 
padng rate preferably varies Hneariy between a resting rate 
58 and the maximum pacing rate 56 in accordance with a 
transition segment 60 of die transfer fonction 50. The slope 
of the transition segment 60 defines die extent to whidi the 
padng rate changes as the activity levd measurement 
changes between the low activity threshold 52 and the high 
activity threshold 56. 

Hie low activity dueshold 52, die high activity threshoU 
54, the maximum padiig rate 56, die resting rate 58, and the 
slope of the transition segment 60 may be pragrammed into 
die memoiy 30 (FIG. 1) by die pltysidan dmn^ the use of 
die inogrammer 38 (FIG. 1). Preferably, however, the low 
activity dueshold S2 and die dope of d» transition segment 
60 ate initially programmed by the pfaysidan, and then 
automatically adjusted by the processor 26 (FIG. 1) on a 
periodic basis, as described in the above-incorporated U.S. 
patent apidication Ser. Na 06/255,194, ffled Jim. 7, 1994. 
Sudi periodic a^ustmenls advantageously allow the pace- 
maker 20 (FIG. 1) to accommodate changes in die patient's 
lifestyle without the need for an uns^eduled follow-19 
visit 

In accordance widi the prindples of the present invention, 
for any activity levd measurement bdow the low activity 
threshold 52, the processor 26 (FIG. 1) sets the padng rate 
to a rate defined by a varying base pacmg rate 62. The 
varying base pacing rate 62 may be set by the processor 26 
(FIG. 1) to rates diat include die resting rate 58 (at die high 
end) and a sleeping rate 64 (at the low end). Preferably, the 
sleqiing rate 64 is set by die physician to a rate that meets 
the patient's low metabolic demands daoDg sleep (e.g., 55 
bpm). The resting rate 58 (whidi may or may not be set by 
die physician) is preferably appropriate for when die patient 
is awake but relatively inactive. Urns, unlike many previ- 
ously known pacemakers in wfaidi die base padr^ rate is 
fixed, the pacemaker 20 (PIG. 1) of die present invention is 
capable of lowering tiiie base pacing rate bdow the resting 
rate, so diat the patient experiences greater comfort durir^ 
sleep. 

While operating in accordance widi the transfer fonction 
50, die processor 26 (FIG. 1) acquires digital data rqnesen- 
tative of the patient's activity levd from the sensor drcnitry 
24 (FIG. 1). As explained above, die process^ 26 (FIG. 1) 
uses this information to derive activity levd measurements 
that it dien uses to sdect an appropriate heart rate. In 
addition, certain activity levd measurements are used by the 
processor 26 (FIG. 1) to derive activity variance measure- 
ments Qn a manner described below). Hie activity variance 
measurements, in turn, are used by the processor 26 (FIG. 1) 
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to modttl ate the base pacing fate fi2 of the transfer fnnction 
50. 

Refening now to FIGS. 3 and 4, a logic flow diagram is 
desoibed which represents a first embodiineDt of a control 
program executed 1^ the piocesscff 26 of FIG. L The control 
program enables the pacemaker 20 (FTO. 1) to provide 
rate-responsive pacing ther^, and it also advantageously 
allows the pacemaker 20 (FIG. 1) to modulate the base 
padng rate 62 (FIG. 2) of the transfer function 50 (FIG. 2). 
In this embodiment, the control program causes the proces* 
sor 26 (FIG. 1) to sw^ the base padng rate from a 
p rq )x ogiamnied testing rate to a pxeprogranuned sleefih^ 
rate when the piocessor 26 (pIG. 1) determines that the 
, patient has fisllen asleq). The control program of FIGS. 3 
and 4 also causes the piocessor 26 (FIG. 1) to switch the 
base pacing late fioom the sleeping rate to the lestirQ rate 
when the processor 26 (HG. 1) deiennines that die patient 
V is no longer sleeping. If the patient eqgages in p^sical 
^acdvi^, the control program causes die processor 26 ^G. 
1) to inoease the padng rate above the resting rate tiy an 
amouut that accommodates the level of activity as measured ^ 
by the sensor 22 (FIG. 1). 

Refening first to FIG. 3, die control program starts when 
a stait-up command is received ftom the external program- 
mer 38 (FIG. 1) dxrough the telemetry circuit 36 (FIG. 1). 
This command may be sent in connection with the implan- 2S 
tation procedure (before, during, or after)» and during sub- 
sequent follow-up visits. 

After stait-up, the processor 26 (HG. 1) performs an 
initi^ization step 100, at which die pacemaker 20 (FIG. 1) 
acquires operating parameters from the external program- 30 
mer 38 (FIG. Ddtrough die telemetry ciituit36 (FIG. 1). die 
parameters then being stored in the memory 30 (FIG. 1). 
Many of die parameters received at die step 100 m^ be 
oonventianal (e.g., pulse widdi, pulse amplitude, etc.); how- 
ever« several other parameters are used to Implement the 35 
features of the present invention. Fbr example, at die sti^ 
100, the piqrsician can disaMe base lala modulation, and can 
even disable late-iesponsive padng entirely. When a feanne 
is disabled, die steps d die control pvogiam conesponding 
to dmse features are not p et fo rmed by die processor 26 (FIG. ^ 
!)• ^ 

Tlie parameters that are used to in^ement base rate 
modulation also indude sleqiing rate (Sleep_Jtate), resting 
rate (ResLJUte), siecg hours (Sleep_Jir8), activity slope 
(Act_Slope), and maximum padng rate (NffR). The 8leq>- 
ing rate is preferably set to a rate that oontfortably ineets the 
p^ent's low met^lic demands during deep (eg., 55 
bpm). The resting rate is preferably set to a rate tiiat is 
suitable fat when the patient is awake but relatively hiacti ve 
(e.g., 65 bpm). Tlie number of sleq> hours is set to the 
number of hours that the patirait typically sleeps eadi day ^ 
(e.g., 7 hours). Tlie activi^ slope is preferably set initiaDy to 
a levd that allows the pacemaker 20 (FIO. 1) to proi^ 
ffiifflcfem increases (or decreases) to die pacing rate in 
accordance widi increases (or decreases) in the activi^ level 
measttreDunts(e.g., 0.6 bjnm/count). Preferably, die proces- ss 
sor 26 (FIG. 1) subsequendy at^usts die aOMty slope in 
accordance widi die patient's activity profile, as described hi 
die above-incoqxnated U.S. patem qiplication Set No. 
08^255,194, filed Jun. 6, 1994. TIk maximum padng rate is 
set to a rate diat safely meets the patient's metabolic ^ 
demands durmg high levels of exertion (e.g., 150 bpm). 

After die step 100, die processor 26 (FIG. l)perfiDnnsa 
sequence of steps 102-108 wMdi arepr^ierably re-executed 
during each heartbeat hiterval. At die step 102, the processor 
26 (FIG. 1) reads die contents of die counter (not shown) of 65 
die sensor circuit 24 (FIO. 1), and stares die value in a 
variable designated as C3ount^Val. As explained above, die 
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contents of die counter are a digital representation of die 
patient's activity level as measured during a predetenntned 
period (preferably 100 ms) widun die cunent heatdieat 
interval, where about 62 counts oonesponds to 1 G. At the 
5 stqi 102, die processor 26 (no. i) also dears die counter in 
preparation for the next heartbeat interval 

hi order avoid using a measurement that is unchaiacter- 
isticaUy high or low, at the step 104, die processor 26 (FIG. 
1) averages the current counter reading widi the counter 
10 leadiqg taken during the previous heartbeat interval^ as 
shown hi Equation 1. 



^ , (Caanl-Val^CbuiiU.VaL.01d) d) 
ComiL-Valg j| 

The variable designated as Count_VaL_Gld is used to 
sttne the counter reading taken during the previous hetudieat 
cyde. However, during die first execution of die st^ 104 
after start-i]p, CounL-Val is effiectivdy set equal to die 
cunent counter leading, since dieie is no previous counter 
reading to average it widL 

At the step 106, the value stoxed in QnmL.VU is imK> 
cessed by the processor 26 (FIG. 1) using a recursive 
low-pass fitter to derive a digitally smoothed representation 
of die patient's cunoit activity level, as illusttated by 

The variable derignated as LastAv contains the digitally 
smoodied rqaesentadon of the patient' a activity levd. The 
variable designated as La8tAv_^01d rqiresents die value of 
LastAv doived using Equation 2 durhig die previous cardiac 
cyde. At a heart rate of 72 bpm. the digital filter defined by 
Equation 2 has a tinie constant of sqiproodmatdy 1 3 seconds. 
During the first execution of the step 106, the variable 
LastAv is eSectivdy set equal to die value of OounL_VaL 

At die st^ 108, die processor 26 (FIG. 1) uses die derived 
vahie of LastAv to derive the patient's averse activity levd, 
dpsignated by die variable Act_^vg. This is acconq>li8hed 
by apfdymg a recursive, low-pass digital filter to the value 
of LastAv» as fihutrated Equation 3. 

AcLJVTF<iy6553d)n^vK65S35«S536)*AcLJ^«_C)W (3) 

The variable designated aa Act^vg_01d represents die 
vahie of AcL^vg derived during die previflua heartbeat 
(^de. At a pacmg rate of ^ bpni, die time constant of dus 
digital filter is ivpraodmatdy 18 hoois. Thus, die variable 
AcL^vg i^reaiBnts a running average of die patient's 
activity level* ^^ddi in turn dosely approximates die 
patient's acti^ level at rest During die first execution of 
the st^ 108 after start-up, die vahie of AcLJWg is effiec- 
tivdy set equal to die vdue of LastAv coroputBd at dw stro 
106. 

After values have been computed for CounL.Val» LastAv, 
and AcL^vg, die processor performs a test 110 to deter- 
mine if it is tixiie to store an activity variance measurement 
(conqmted as described bdow) hi an activity variance 
histogram maintaitted in the memory 30 (FIG. 1). Prefieiahly, 
the phyndan can sdect how fiequendy activity variance 
meaauements are added to die UstogranL In a preferred 
embodiment, an.activity variance measurement is ^Hi ^f^ to 
the histogram about cmce evesy 26 seconds, ratfaa dian 
every heartiseat cyde, in order to conserve space in die 
memory 30 (FIG. 1). As e^qilamed bdow, die activity 
variance histogram is used by the processor 26 (FIG. l).to 
derive an activity variance dueshold, which in tnm is used 
to determine whedier the patient is sleephig. 
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If the imKxssQT 26 (HG. 1) detenmnes at die test 110 that 
it is time to store an activity vananoe measnienient in die 
Mstogranu a stqp 112 is perfonned» at which a RU I£stD- 
giams routine is called. Hie FOl Ifistognans loutine is 
shown m FIG. 4. 5 

The activity variance measureniem to be stored in die 
activity variance histogram is derived by the processor 26 
(FIG. 1) in accordance widi st^s 114 and 116. At the step 
114, the processor 26 (FIG. 1) compotes a value, designated 
by the variable Diff; lepreseottng the absoliite value of die 
differezioe between die cuiient vahie of LastAv and die value 
of LastAv that was comptited about 26 seconds eaiiier, as 
Ohistiated in Equation 4. 

I)iS!ABS(U«iM^T_X_aU) (4) 
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The variable designated as La8tAv_^_OId contains die 
value of LastAv confuted about 26 seconds eariier. Dining 
the first execution of die step 114 after start-^ip, die vahie of 
Difif is set equal to zero. 

The difference computed at the step 114 is digitally ^ 
smoodied by the processor 26 (HG. 1) atthe 8tq> 116 u^ 
a iecursive» low pass filter; as shown in Equadon 5. 

Act_\ta^a/32)*Diff4^1/32)*Act_¥nL.O!d (5) 

The variaUe designated as Ad^Var is used to store die 2S 
current smoodied ffa* ' ffnrff ^ and the variable ^^etig^*B tyd as 
ActL«Vkt..01d is used to stare the prior smoothed difference. 
Durix^ die first execotioa of die stq) 116 after start-up, die 
value of AcL.\^ is eitoively set equal to die vahie of Diff. 

Ata8tepll8»dievahieafAcL.Vivcom|nitedatdie8tep ao 
116 is added to an iqmropriatB fain of die acdvi^ variance 
histogram maintained in the memory 30 (FIO. IX An 
activity variance histogram 210 <wi» q intf^ dstaL ocdlected 
over a period of about one week for a typical padem is 
shown in FIG. 5. 

Referriqg now to FIG. 5, the activity variance histogram 
200 is prefierably divided into 128 two-byte bins, eadi of 
which is assigned a cotreqxmding Act^Var vsiue. The 
activity variance histogram 200 thetdOore occupies 256 bytes 
of die memory 30 (FIG. 1). 

The activity variance Mstogram 200 is characterized by a ^ 
biinodal distribution. A Uglier mode 202 of the two modes 
conespcxids to activity variance measurements derived dur- 
ing the day — while die patient was awake but relatively 
inactive. A lower mode 204, vMch is the dominant mode, 
corresponds to activity variance measurements derived dur- 45 
ing sleep. 

A fain 206 of the activhy variance histogram 200 is 
designated by the variable A^_Var_Thrcsh, c orre sp ontog 
to an activity variance measurement of about 23 counts. As 
exi^ained below, die trin 206 is estimated to be die Mutest so 
fain of die activity variance histogram 200 diat contains 
ac^viQf variance measnrcmcQts derived ix^nle die pfftipnt 
was sleqnng. 

Referring again to FIG. 4, after die activity variance 
measurement is stored in die activity variance histogram at 
the step 118, a test 120 is perfbnned, where the processor 26 
(FIG. 1) determines if it is time to determine an activity 
variance direshold, designated fay tlie above-mentioned vari- 
able Act_Var_Thresh. teferably, the activity variance 
threshold is re-evaluated on a weekly basis. If it is not time 
to deterniine the activity variance Ihrediold, oontzol returns ^ 
to the main program of FIG. 4. 

If it is time to determine die activity variance dneshold, 
die processor 26 (FIG. 1) first estimates, at a step 122, die 
nnndser of activity variance measurements stored in die 
activity variance hi^gram that were derived vAnlc the 63 
patient was sleeping. This value, designated by the variable 
Sleep_^vents, is computed using Equation 6. 
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The variable Sleqi.Hrs represents the number of hours 
dmt die patient typically fiends sleeping each day, as 
programmed 1^ the physician at the initialization step 100 
(FIG. 3). The variable Tbtal JBvcnts represents die total 
number of activity variance measurements stored in die 
activity variance histogram at the time die stqi 122 is 
performed. For a weekly histogram, there are about 23,296 
total events. 

At astep 124, die processor 26 (FIG. 1) uses the value of 
Sleep^Events from die step 122 to determine die activity 
variance direshold (Act^^^Thresh). Tb accomplish diis, 
die processor 26 (FIG. 1) adds die contents of die bins of die 
activity variance histogram, starting widi the lowest bin and 
proceedii)g through successivdy higher bms until the num- 
ber of measurements conrespondiiig to the vahie of Sleep_ 
Events have been counted. The bin at wUdi counting stops 
is the fain that is deemed to be the highest fain contaimug 
activity variance measurements diat were derived while the 
patient was sleeping. The variable Act_Var_.Thrcsh is set 
equal to the activity variance value associated with this bin. 

After the activity variance threshold is dete r mi ned, the 
processor 26 (FIG. 1) dears the activity variance histogram 
at a stq) 126. The histogram is then ready to collect new data 
over ^ next week. Control then returns to the main 
program of HG. 3. 

Referring agahi to FIG. 3, die processor 26 (FIG. 1) 
proceeds to a test 128, where it performs a two-part test to 
rirrrrmine if the patient is sleeping. Specifically, for the 
patient to be deemed asleep, the value of LastAv (derived at 
the step 106) must be less than the value of Act^_Avg 
(derived at die step 108), and the value of Act_A^ (derived 
at the step 116 0^G. 4)) must be less than d» value of 
AcL-V8r_jrhresh (determined at die step 124 (FIG. 4)). 
Essentially, dds test determines if die patient's Gunent level 
of activity is below die average level of activity, and if die 
patient's most recent activity variance measurement is 
below the most recently detemdned activity variance thresh- 
old. If bodi conditions are met, die processor 26 C^IO. 1} 
proceeds to a stqi 130, where it seu the paciqg rate (PR) to 
the vahie of Sleep_Jtate. The processor 26 CPIG. 1) ^ef- 
eiaibly sets the pacing rate to the lower levd for die cuzrent 
heartbeat pycle fay iiistiuctiiv the tiinixig' and control circuit 
34 (HG. 1) to increase die escqie interval 

If either condition of the test 128 is not met, a test 132 is 
performed, where die processor 26 (FIG. 1) detennmes 
whedier tlie value of LastAv exceeds the vahie of AcLjAvg 
^.e., whether the patiem's current level of activity eaioeeds 
the average levd of activity). If not, the patient is deemed to 
be at rest (but awakeX and accordingly, the jHocessor 26 
(FIG. 1) proceeds to a st^ 134 where it scu a variable 
designated as Index equal to zenx (As described below, die 
variable Index is used by the processor 26 (FIO. 1) to 
increase the PR above the resting rate.) Otherwise, the 
processor 26 (FIG. 1) proceeds to astep 136 viberc it sets the 
value of Index equal to die difference between the vahies of 
LastAv and Act_Avgi as DfaistrBied by Equi^km 7. 

£uIbx=(UsiAv-AcuAv8) CO 

The variable Index represents an instantaneous relative 
activity level measurement, which may be used to define a 
pacing rate for die current cardiac cycle. More precisely, the 
value of Index represents the amoum by which the patient's 
cunent level of physical activity exceeds the average level 
of activity, as defined by the variable AcL.Avg. 



03/17/2003, EAST Version: 1.03 .0002 



5,476,483 



15 



16 



The processor 26 (FIG. 1) then proceeds to a st^ 138 
wbeie it ocmtputes an apprapriale PR using the piqno- 
gianimed lestkig late Qte^JRaie), the preprogrammed 
automatically detenninedQ activi^ sic^e (ActiaSlopeX and 
the value of ladex derived at the step 136» as ifiustiated by 5 
Equation 8, 



PA^Retf_Bat»KAcC_Slope*Index) 



(8) 



Tlinugh the operation of Equation 8, the FR is increased 
&om the resting rate by an amount defii^ by die product of 
the activity slope and the cuxrent vahie of the variable Index. 
Tims* if the p^ent is awake but idatively inacdve (which 
usually ooti^ponds to an average level of activity as defined 
by the variable AcLj^vg) die PR is set to the value of 
ResLJ(ate,becau8etbevalueofIndexiszero.Asthepatient 15 
becomes more active, die value of Index increases fcom 
zero, resulting in a corresponding increase in die PR. In 
order to avoid sudden changes in die patient's heart rate, 
reaction and recovery times may be applied to the Index 
value before it is used to derive die PR, as desoibed in the 20 
above-inooiparated U^. patent iq^plication Ser. No. 08/2SS, 
194, filed Jun. 7, 1994. 

llien, at a test 140, die processor 26 (Fia 1) detomines 
whether the PR derived at die step 138 exceeds die prcpro- 
grammed MPR. If so, die PR is set to die MPR at a step 14X 
Otherwise, the PR remains at the rate set at the step 138. ^ 
After a pacing pulse is delivered Of rcqmred) m accordance 
widi the newly determined PR ({neferably by adjusting the 
essxpe hiterval), die program loops back to die stqi 102 to 
begin the next heartbeat cycle. 

The manner by ^^lich base rate modulation is accom- 30 
pliahed in accordance widi die first embodiment of die 
invention may be understood by reference to die gr^h 
shown in FIG. C In FIG. tf, a plot 20s of activity variance 
mea s urements derived by the processor 26 (HG. 1) over a 
241iourp6riodusingdicoontn^pnpgiBmof HGS. 3 and4 35 
is abown on the same time line as a idot 210 of padng rates 
derived nsittg the plotted acdvi^ vaiianoe measuvements. 
Rom about 8.-00 AM to about 11:00 FEiif, 111^ d^ 
is awake and occasaanaUy active, dn activi^ varimce 
m ea sur ements range from diout 5 counts to about 25 coiints> ^ 
Daring this time period, the pacing rate exhihita significant 
variati^B; however, it does not Ml below the resting rate, 
which in this example is set to d)ODt 80 bpm. AlsOk it should 
be noted diat dorimg the same period, eadi excnrsion in die 
plot 210 of heart sates rapidly zetums to die resting rate. 

At about IIM PM, yiAsen die subject fialls aslet^ die plot ^ 
208 shows diat die activity variance measoremems sobstan- 
tially decline— to a levd that is bdow die cunent activity 
variance threshold. During the same perf'y^ , the swlject's 
activity level measuremoits fell below the sulject'a average, 
levd of activity (aldiough tins is not shown m Fia 6X so 
Accordingly, d» pacing rate decreases to the sleepfa^ late^ 
which in tlds exanqde is set to about 65 bpm. Fbr most of 
die period fiom about 11:00 FM to about 5.-00 AM, die 
pacing rate is maintained at the sleqring rate, with some 
variation at about 3KX) AM (the result of a brief period of ss 
activiQr). Thus it is seen diat the control program of FIGS. 
3 and 4 effectively provides die pacemaker 20 (FIG. 1) widi 
die capabili^ of detecting when die subject has fallen 
asleep, and of reducing the pacing rate to a level diat 
comfortably meets die adigect's low metabolic demands 60 
during sleep. 

Refiening now to FIG. 7, a togic flow diagram is described 
which represents a second embodiment of a control program 
«cecuted by the processor 26 (FIG. 1). The cantrol program 
of HG. 7 also advantageously allows the pacemaker 20 65 
(FIG. 1) to modulate die base pacmg rate 62 (FIG. 2) of die 
transfix functicm 50 (FiG, 1); howevei; it differs bom die 



control program of FIGS. 3 and 4 in several respects. Fbr 
example, in this embodiment, the processor 26 (FIG. 1) does 
not simply switch die base pacing rate between a sleeping 
rate and a resting rate Radier, the processor 26 (HG. 1) can 
use activity variance measurements to set the pacing rate to 
rates between a sleeping rate and a resting rate. Mare 
accurately, although die base pace rate is bounded on its low 
end by a pr ep rogr a mmed sleeinng rate, in this embodiment, 
die base pacing rate has no predetermined upper limit (Le., 
□o pred^ermined resting rate). Also, an activity variance 
histogram is not required. Instead, a prqa o gr ammed base 
rate slope is applied to die activity variance measurements to 
tl eJm in i nfi the amount by which the base pacing rate should 
be inoeased above die sleeping rate. 

After die control program of HG. 7 is started (via a 
command fiom die programme 38 (FIG. 1)), the processor 
26 (FIG. 1} performs an initialization step 300, wbm it 
acquires appropriate padqg parameters. For diis embodi- 
ment, the parameters used to implement base rate modula- 
tion include die sleeping rate (Sleq;>_Kate), die activity 
slqie (Act..Slppe)i and die maximum pacing rate QtfPIQ, 
which are' described above in connection with FIO. 3. 
However; die activi^ alopd is prafierably set to a lower level 
dian previously described (e^., 03 bpm/coum), because hi 
this embodiment, the base padqg rate niay contribute to die 
rate response of the paremaker W (FIG. 1) when die patient 
engages in activity. Anodier parameter defined at the stq> 
300is the base rate slope (BPELJSlope), which is preferably 
set to a value that permits gradual changes to the l»se pacing 
rate in response to changes in die activity variance measure 
ments (eg., 2.8 bpm/count). 

After die initialization step 300, die processor 26 (HG. 1) 
performs a sequence of stq» 302-308 to define variables 
diat are described above in connection widi FIG. 3. At die 
step 302, die processor 26 (FIG. 1) sets die variable County 
Val to die contents of the counter (not shown) of the sensor 
dnndt 24 (FIG. 1), as described above fbr die step 102 (FIG. 
3). At die step 304, die cunem value of Count_Val is 
averaged widi die value from die previous heartbeat cyde, 
as illustrated above by Equation 1. Ibe processor 26 (FIG. 
1) then digitally filters the averaged vahie of Count_yal at 
the step 306, as illustrated above by Equation 2, in order to 
derive an activity level measurement, Hparignatwd by the 
variable LastAv. Then, at die step 308, die vahie of LastAv 
is digitally filtered, as iUustrated above by Equation 3, in 
order to derive die patient's average levd of activity, des- 
ignated by die variable Act^vg. 

At a test 310, die processor 26 (RG. 1) i*ftfrminffl 
whedier it is time to derive an activi^ variance measnri^ 
ment, designated by die variable Act JVat FtafiBtably, an 
activity variance measurranent is computed about every 26 
seconds. If it is time to compute an activity variance 
measurement, tfaeprooessor 26 ^G. 1) pefforms a step 312. 
where a variable Diff is set equal to die disolute vahie of the 
difference between the cunent value of LastAv and tlie value 
of LastAv computed about 26 seconds earlier, as illustrated 
above by Equation 4. Tbe vahie of Diff is then digitally 
filtered at a stq» 314, as illustrated above by Equation 5, to 
doive the activity variance measurement, Act_Van 

At a test 316, die processor 26 (FIG. 1) determines 
whedier die vahie of LastAv (derived at die step 306) 
exceeds die value of ActAvg (derived at die step 308) (i.e^ 
whedier die patient's current level of activity exceeds die 
patiem*s average level of activity). If not, die processor 26 
(FIG. 1) proceeds to a step 318 where it seu a variable 
designated as Index equal to zero. Odierwise, die processor 
26 (FIO. 1) proceeds to a step 320 where it seu the vahie of 
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Index equal to the dlffeience between the values of LastAv 
and Act_^vg, as illustrated above by Equation 7. 

At a step 322, the processor 26 (FIG. 1) derives the base 
pacing rate (BPR) using the value of ActL^Var computed at 
the step 314, and the preprogranuned values of BFlCsiqpe 5 
and Sleep..^Rate, as illustrated by Equation. 9. 



(9) 



Through the use of Equation 9, the processor 26 (FIG. 1) 
advantageously modulates the BF^ from the sleqringxate to 
hi^er nles diat are appreciate for when the patient is 
awake but relatively imictive. As the activity variance mca- 
sufemoita approadi zero, the BFR qtprraches its lower 
limit— tiie ale^nng rate. Althougji Equation 9 does not 
impose an tqiperHmit on the BPR, a practical consequence 
of Equation 9 is (hat die second term contributes modesfly 
to the overall pacing rate (e.g.» about 0-15 bpm), as long as 
the BFR^lc^ Is chosen prapedy. Iliu8» the BFR derived 
in aocoidanoe with E^iatlon 9 reaches, at its faigfaer end, 
rates diat are suitable as testing rates. ^ 

At a stq) 324, the processor 26 (FIG. 1) derives the pacing 
rate (PR) using the BFR fiom the step 322, the prepro- 
grammed (or automatically d^erndned) acdvity slope 
(Act^Slope), and the value of Judsx derivni at the step 32D, 
as iUustiatedtv Equation, la ^ 



Fit:Bni-KAcL,51ope*iBdei) 



(MO 



lb avoid sudden changes in the FR, reaction and recovery 
tixnesinay be 2^»plied to the Index vahie before It is used In 30 
Equation 10. 

When the steps 322 and 324 are viewed in combination, 
it should be apparent that three terms contribute to the total 
PR defined by Equation 10 Hie first term (Sleep.J(ate) 
H<»finf»s sleeping rate, wfaidi is die miirifnutn heart rate 35 
that the pacemaker 20 (PIG. 1) allows tfie patient to expe- 
rience. The second term (the product of BFR^Slope and 
Act_Var) is used to modulate the BFR from &e sleeping 
rate to higher rates that are suitable as rcstirig rates. Tlie third 
term (the product of AcL.Slope and Index) is used to 40 
inoease the pacing rate above the varying BPR to rates that 
accommodate the patient's level of activi^. 

At a test 326, the processor 26 (FIG. 1) determines 
whether the PR derived at the step 324 exceeds the prqjro- 
grammedMPR.Ifso,thePRi8satotheMFRata8tq)328. 45 
Otherwise, the PR remains at the rate set at the step 324. 
After a pacing pulse is delivered (if required) in accordance 
with the newly dpfrnninwl PR (preferably by adjusdng die 
escape interval), the program loops back to the step 302 to 
begin the next heaiteat cydc so 

RefiBnIng now to FIG. 8, a plot 212 of acdvity variance 
measurements (derived in accordance with the step 314 of 
FIG. 7) is shown along with a plot 214 of padi^ rales 
derived in accordance with the second embo^nent of the 
control program using the plotted activity variance measure- S3 
meats. Like the grqih described in connection with FIG. 6, 
the plots 212 and 214 . exhibit a pronounced transition when 
die subject falls asleep at about 11:00 PM. However, diere 
are clear distinctions between the two graphs. 

First, the plot 214 of padng rates is not liinited at its low 60 
end to a cleariy defined resting rate while the subject is 
awake, as is the case for the plot 210 of FIG. 6. Instead, the 
second embodiment of the control program the base 
pacing rate to gradually transition tfarmigh a range of rates 
that are suitable for when the subject is at rest A related 6S 
distinction is that for this embo^ment, the pacing rates 
gradually transition from higher rates associated with activ- 



ity to lower rates suitable for rest (unlike the plot 210 of FIG. 
6, which shows nqnd transitions between padiig rates asso- 
ciated with activity and the resting rate). 

Second, the transition from the padng rates derived while 
the Sttl^ject was awake to the sleeping rate at about 1 1 .00 PM 
is much mm gradual than that ^own in FIG. 6 for the fint 
embodiment More gradual transitions may be desirable for 
some patients. The second embodiment advantageously pro- 
vides tiiis feature without using reaction and recovery times. 

Referring now to FIG. 9, a logic flow (fiagtam is described 
which r^nesents a third embodiment of a control program 
executed by the processor 26 (FIG. 1). Like the second 
embodiment, the control p iu giam of FIG. 9 also uses a 
three-term transfer relation to derive tiie padx^ rate in 
accordance with the patient's metabolic demands. Oat of the 
three terms advantageously modulates the base pacing rate 
(BPR), again using activity variance measuremoits, without 
the need for a preprogrammed upper limit on the BPR (Le., 
a preprogrammed resting rate). However, unlike the second 
embodiment, the control program of FIG. 9 does not directiy 
use activity level measurements to determine the amount by 
which the pacing rate should be increased above the BPR. 
TnsTffld, activity variance measurements are used, but Oiey 
are conqnited somewhat differently than the activity vari- 
ance measurements used to modulate the BFR. 

After the control program of FIG. 7 is started (via a 
command from the programme 38 (HG. 1)), the processor 
26 (PIG. 1) performs an mitialixation st^ 400, ^^lere it 
acquires appropriate pacing parameters. likB the second 
eiidiodhiieot, the reqiihed parameters inchide (in addition to 
conventional parameter) the sleeping rate (Sleep_Hate), 
the base rate slope (BPSLsiopeX the activity slope (Act_ 
Slope), and the maximum j^dng rate (Nfl'R). For this 
onbodiment, the base rate slope is preferably set to about 2.5 
bpm/count, and die activity slope is preferably set to about 
0.6 bpm/count 

After die htirializatinn step 400, die processor 26 (FIG. 1) 
performs a sequence of stqis 402-406 to define variables 
that are described above hi connection with HG. 3. At the 
step 402, the processor 26 (FIG. 1) sets the variable Clount. 
W to the contents of the counter (not shown) of the sensor 
circuit 24 (FIG. 1), as described above for die step 102 (FIG. 
39. At the stq) 404, the cmrent vahie of Gount^Vsl is 
averaged witii the value from the previous heartbeat interval 
as IDustzated above by Bqoation 1. The processor 26 (FIG. 
1) tiien digitally fihers the averaged vahie of Count_W at 
die st^ 406, as illustiated above by Equation 2, hi order to 
derive an activity level m e a snte m ent, designated by the 
variable LastAv. 

In this embodhnent, the patient's average level activity is 
not used. Instead, the processor 26 (FIG. 1) proceeds to a 
stsp 408 where it computes a value, deslf^iated by the 
variable Diffj, representfog die abscdute value of the difo- 
ence between the conem value of LastAv and the value of 
LastAv that was conpited during the precedhig heardieat 
cycle, as fUustxated by Equation 11. 



DiC_l«ABS(LattAiv^-LatfAv_Qld) 



(U) 



The variable designated as LaatAv_01d contains the 
value of LastAv computed during the precedhig heartbeat 
cyde. During the first execution of the step 408, the value of 
Diff^ is set equal to zero. 

At a step 410, die processor 26 (HG. 1) derives a first 
activity variance measurement (which, as explahied below, 
is used to adjust tlie pacing rate to accommodate mcreased 
or decreased levds of activity) by digitally filtering the 
difference conqmted at die step 408 using arccucnve, low 
pass filter, as shown in Equation 12. 
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AcC%i_l=(in2a)*DitJ (12) 

llie vaiiable designated as Act^Var.^ b iised to store the 
cucrcnt value of the first activity , vadance measurement Ibc 
variable designated as Act_ViuL.l is used to store the value 
of the first activi^ variance measurement derived durii^ the 
preceding heartbeat cycle. At padpg rate of 72 bpm, the time 
constant of tbc digital filter defined by Equation 12 is about 
1.6 minutes. The rather short time constant aUows the 
variable AcL.Var_l to reflect short-term changes in the 
patlenfs curreotlevd of acdvity. During the first execution 
of the step 410, die vahie of AcL->^^l is effectively set 
equal to the value of DifL.1* 

At a test 412, the processor 26 (FIO. 1) d^ennines 
whedier it is time to derive a second acdvi^ variance 
measuiement, designated by the variable AcL.Vd_2, 
wMcfa is used to modulate the BFIL Preferably, Act_Var_J 
is recomputed about every 26 seconds. If it is time to 
compute the second activity variance measurements the 
piDoessor 26 (FIG. 1) proceeds to a step 414 where it 
computes a value, designated tqr the vaiiabie DifLA lep- ^ 
resenting die absolute value of the difGereaoe between the 
current value of LastAv and die vahie of LastAv that was 
computed about 26 Geooods earlier; as iUustrated by Equa- 
tion 13. 

2S 

DUU^ABSOntAv^^aatAv^^Cnd) (13) 

Hie variable designated as LastAv_^_01d contains the 
value of LastAv computed about 26 seconds eariier. During 
fliBfiiBteiBCutionof tlie8tB|>414,tfaevahieafDig_2is8et 30 
equid to zero. 

At a Bt^ 416. the processor 26 (FIG. 1) derives die second 
activiQr variance iweasnremeat (wUdi^ as oqiiained below, 
is used to modulate die BFR) by iQgliaUy fiheripg the 
A&renoe computed at die step 414 usiqg a xecorslvo, low 35 
pass filto; as shown in ^uadon 14^ 

AeLyB.Jf<lf&fiym^e^ (14) 

Tbe variable designated as Act_Vkr_^b used to store the 
current vahie of the second activity variance mea sure ment ^ 
The variable designflteri as AcL-^,-oij-J6 isused to store 
the value of the second activity variance measurement 
derived about 26 secroirts earitofc At pacing fate of 72 bptPt 
t |^fi time 'yy^stffrt of tiie filter defined by Bquailon 14 
is about 38 «i |p<i^Tt fff. Thst t™g tin» gs nnu a m fnffgfg the 
variable AcL.^/biL-2 to resist vaiyliQ hk response to shorfr- 
tsnn changes in die padent'a activiqf levd. During die first 
execution of the step 416» the vdue of AcL.Var_^ is 
efiisctively set equal to the value of DiflLZ 

At a stq> 418, die processor 26 (Fiai) derives die base 
pacing rate (BFR) using die vabe of AcL.W^ computed 
at the step 416^ and the preprogrammed values of BPR^ 
Slope and Sleep.JUte» as iOnstiated by Equatioo 15. 

BFib:5lB9LjRatoHBFR.JlaiB*Act.\^^ (15) 55 

ThiDU^ the use of Equation 1S» die processor 26 (FIG. 1) 
advantageously modulates the BFR fiom die deqring rate to 
higher rates Aat are appropriate for when the patient is 
awake but relatively inactive. As the second activity van- eo 
ance me as ure ment qipioadies zero, die BPR qqproaches its 
lower limit^-die sleqjring rate. like die second embodinra 
Equation 15 does not impose an upper limit cm the BFR. 
However, die practical consequence of Equation 15 is that 
the second term contributes modesdy to the oveall padng 65 
rate (eg., about 0-15 bpm), as long as die BPR_Slope is 
chosen propedy. Thus, for practical purposes, die BPR 
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derived in accordance with Equation 15 reaches, at its higiher 
end, rates tbst are suitable as resting rates. 

At astep 420, die processor 26 (FIG. 1) derives die pacing 
rate (FR) using the BPR from die step 322, die prepro- 
grammed activity slope (Act_SlopeX and the first activity 
variance measurBment (Act.Var_l) derived at the step 410, 
as illustrated by Equation 16. 

PIfc^PR4<AcL_SIope»AccVnL_l) (16) 

In a manner similar to that described for die second 
cmbodinient, three terms contribute to the PR derived using 
Equation 16. The fir^ term (Sleep Jiate) defines the sleq)- 
ing rate, which is the minimum heart rate that the parp>ni^v^ 
20 (FIG. 1) aUows the patient to experience. Tlie second 
tenn (the prodna of BPitLsiope and AcL-VacJQ is used to 
modidate the BFR fitom the sleeping rate to higher fates that 
are suitable as testing rates. Using die second activity 
variance measurements in this way leads to a relatively 
stable BPR, because of tbe long time constant of Equation 
14. The third term (the product of Act__Slope and AcL. 
Var_l) is used to increase die pacing rate above die varying 
BFR to rates that accommodate the patient*s level of activ- 
ity. In contrast to die second activity variance measurements, 
the first activi^ variance measurements arc appropriate for 
deriving activity-based pacing rates, because the relatively 
short time constant of Equation 12 causes tiie first activity 
variance measurements to reflect short-term changes in the 
patient's activi^ leveL 

At a test 422k die processor 26 (FIO. 1) deferminffs 
whether die FR derived at die step 420 exceeds die prepro- 
grammed MPR If so, the is set to die MFR at a step 424. 
Odierwise, die PR remains at the rate set at die step 420. 
After a pacing pulse is deUveced (if required) in accordance 
widi die newly determined PR (preferably by adjusting die 
escf^ interval), die program loops back to the step 402 to 
begin die next heartbeat cyde. 

Refenix^ now to HG. 10, a plot 216 of first activi^ 
vananoe T**^**Trrtiifrftfs (derived in bcc opi^***^*^ widi die stt^ 
410 of FIG. 9) and a plot 218 of second activity variance 
measurements (derived in aocordanoe with die st^ 416 of 
FIG. 9) are shown along widi a |dot 220 of padng rates 
derived hi accordance with die third embodiment of the 
control program ushig the plotted first and second activity 
variance measurements. Like die graph described in con- 
nection with FIG. 8 for die second embodiment, die plot 220 
of padng rates exhibits gradual transitions through a range 
of rates that are suitable for when the suliject is at resL Also, 
die iriot 220 of pacing rates gradually transitions from higher 
rates associated widi activity to lower rates suitable for rest 
Fiirfher, tbe transitions to and fimi tbe sleqpiiv rale 0.6., at 
about 11:00 PM and about 5H)0 AM) are more giadual than 
those exhibited in HG. 6 for die first embofimeoL 

FIG. 10 also illnstrates the inqiact of die time constants on 
the first and second activity variance measurements. The 
plot 218 of second activity variance measurements does not 
exhibit severe fluctuations, even wMle the subject is awake. 
This characteristic renders the second activity variance 
measurements, derived using the long time constant, par- 
ticulariy suitable for modulating the base pacing rate, while 
at the same time maintainiTig base rate stabiU^. On die other 
hand, the plot 216 of first activity variance measurements 
exhibits significant variations in response to patient activity, 
rendering diis parameter suitable for deriviqg die activity- 
based portion of the padng rate. 
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Thus, a system and method for modulating the base rate 
of a transfBT function for a late-iespoosive pacemaker are 
provided. One skiUed in the ait wiU apgstdsic that the 
I^esent invention can be practiced by other than the 
described embodiments, which are presented for the imr- 
poses of illustration and not of limitation, and ttie present 
invention is limited only by the claims that ftdlow. 

What is claimed is: 

L A rate-responsive pacemaker for administering padog 
pulses to a patient's heart, the pacemaker indnding memory 
means for storing a predetermined transfer function that 
comd^es sensor level measorements lepcesentative of the 
patient's metabolic need to heart rate, the predetermined 
transfer function being diaracteiized by a base padng rate, 
a maximum pacing rate, and a transidon s^ment defining 
padng rates betweoi the base padng rate and the maximum 
pacing iate» the rate-responsive pacemaker conqnisiog: 
a pulse generatar for generatiiig padng pulses at a select- 
able rate between the base padng rate and the maxi- 
mum pacing rate in acomdance with the predetermined 
transfer curve; 
a phEysiolQgica] sensor for generating raw sensor signals 

Indicative of the patient's levd <tf metabolic n^d; . 
a processai; coupled to the pulse generator and the phy si- 
ological sensor, for contiollkig the rate of padng 
pulses, the process^ induding: 

(a) means tat processing the mw sensor signals to 
derive the sensor levd measurements; 

(b) means for ddennining an appropriate heart rale for 
die patient's levd of metabolic need based on die 
sensor level m eas ur ements and die oonesponding 30 
heart rate defined by the ptedetennined transfer 
fbnctioD; 

(c) means fior canitiTiB the pulse gcnendnr to generate 
padiig poises at the appropriate heart xate; 

(jS) means for deriving first variance measurements 
1?iii?pd ion the sensftr levd the first 

vsriance nseasuiemcnts bdng based on the dtfiSsi* 
ence between a cuireut sensor level measurement 
and at least one earlier sensor level F ff^ fflwirwnent; 
and 

(e) means for modulating the base padng rate io 
acocndance with die first vatianoe ineasutenKnts. 
Z The pacemaker of daim !• wherein: 
the memiuy fisfher mdudes for storing a* resting 

rate and a sleeping rate that is lower than the resting 

rate; and 

the tnnAilafring means tTir1iidf»y means for mnrfnlntir^ riift 

base padng rate between the resting rate and the 
sleqring rate. 

3. The pacemaker of daim 2, wherein: 
the memory further includes means for storing a sensor 

measurement threshold and a variance measureoient 
ttsBshold^ and 
the processor indttdes means to setting the base padng 
rate to die sleeping rate when a cuixent sensor mea- 55 
suiemrat is below die sensor meaauiement tiireshold 
and a cuncem first varianoe measurement la bdow die 
variance m ftm n iTMnwit ^^ww^iwyiii, 

4. The pacmakBT of daim 3; wherdn the processor 

rate when either die current sensor meaairement meets or 
exceeds the sensor mcasuiemeiit thrcshdd, or the current 
first variance mea^irement meets or exceeds the variance 
measuremetit threshold. 

5. Ihe pacemaker of daim 3, wherehi the processor 
indudes means for maintaining a running average of the 
sensor measurements in the manory, the running average 
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defining the sensor measurement direshold. 

6. The pacemaker of daim 5, whetem die processor 
^'wrVif^^ means for n iHint i i imng the running average by 
digitally filtering the sensor measurements using a time 
constant of about 18 hours. 
. 7. The pacemaker of daim 3, whereim 
die memory mdudes means to storing first variance 
measurements derived during a pred^enmned period 
of time as a histogram, the histogram inrfmitt^ a 
ifluiali^ of bins rp^ng fimn a lowest Un to a falj^t 
bin, eadi fain being assodated with a diffiereut first 
varianoe *T*^^f*'^^^^^*cnt value; ^wi^ 
the processor indudes means to deriving the variance 

with the highest first variance measurement derived 
while the patient was deeping. 

8. llie pacetnaker of daim 7, wherein: 

the memory furdicr indudes means to storing a value 
reiuesenting a firaction of time that the patient sleqis 
eachda^r; 

the processor includes means for maintainhig a value hi 
the memory representing a total nnmber of first vari- 
ance measurements stared in the menuxy during the 
ptedeteimiiied period of tim^ and 

die processor Indudes means to deriving the highest first 
variance measurement derived vi^e the patient was 
sle^faigby: 

estimating a number of first variance measurements 
diat were derived while the patient was sleeping 
during die predetennined period of time hi accor- 
dance with the stored fracticm of time that the patient 
sleeps each day and the stared total number of first 
variance measurements; and 

counting the first variance measurements stored m the 
Mstogram, startmg widi the lowest Un and proceed- 
ing through successivdy higher bins until the esti- 
mated number of first variance measurements that 
were derived while the patient was sleeping have 
been counted, the bin associated with the last count 
defining the highest first variance measurement 
derived while the patient was sleeping. 

9. The pacemaker of daim 7, wherein the patient prede- 
tennined period of time is about one week. 

10. The pacRiTwkpg' of daim 1, wherein the processor 
iiKludfff vnfiamn foT deriving each first variance measureoient 
by taking an absohite value of a difference between a cunent 
senanr meamiremKnt and v\ ffwriiernHisormeasi i reiiifti i ^ 
filtering the result widi a recursive, low pass digital filtec 

11. The pacemalrer of daim lOl vdifixdn the current sensor 
measurement is derived by the poceasor about 26 seconds 
after the processor derives the earlier sensor measurement 

12. The pacemaker of daim 1, wherein: 

the memory indudes means for sttiring a base rate slope 
and a sleeping rate that defines a minimum heart rate 
maintained lyy the pacemaker; and 

die the base padng rate by hicreasing the base padng rate 
fiom the sleeping rate by an amount defined by the 
product of the base rate slope and the first variance 

13. The panemakffT of dahn 12, wherein: 

the sensor measurements derived by the processor com- 
prise second variance measurements; and 

the processor indudes means for correlating the second 
varianoe measurements to the transition segment of the 
transfer function to derive to determine the ^}propriate 
heart rate for the patient's levd of metabolic need. 
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14. The paoBmnker of daiin 11, wherein: 

the memory further Indudes means to storing an activity 
slope that defines the transition segment of the transfer 
function; and 

the processor indudes means for deriving the qipropriate 
heart rate by increasing the heart rate from the base 
padng rate by an amount defined by the product of the 
activi^ slope aond the second variance measmeineois. 

15. The parfunakCT of drim 13. wherein the first variance iq 
measoxement exhibit less variation over time than the sec- 
ond variance measurements^ 

16. Hie pacemaker of daim 1, wherdn: 

the pl^siolQgical sensor oonqnises an acdvtly sensor; and 
tiie sensor measurements derived by the processor repre- 
sent levels of physical activity, the levels of physical 
activity bdss$ indicative of the levels of metabolic 
need. 

17. A method of providing laie^espondve padng then^y 
to a patient's heart in an inq>lantable stimulation device, the 
implantable stimulation device induding memory wtftfl tig for 
storing a prcdetEnmne transfiBr function that oondates sen- 
sor measurements representative of die patient's metabolic 
need to heart rate, the predeterimne transfia function being 25 
diaracterized by a base pacing rate, a rnaximum padng rate, 
and a transition segment defining pacing rates between the 
base padng rate and die maDdmum padng rate, the metiiod 
comprising the stepA oft 

generating padng pulses at a sdectaUe rate between the 30 
base padng xate and the maTiimim pacing rate in 
aoooidatHse with tiie predetermined transfer carve; 

sensing the patient's level of mfftaboUc need and gener- 
ating raw sensor signals rqnesentative Ihereoft 

processing the raw sensor signals to derive the sensor 
measutementSf 

determining die rate at which padng pulses are generated 
based on the sensor m e a su r e me nt s and die predeter* 
mined transfer functiDii; ^ 

processing the sensor measurements to derive first vari- 
ance measurements, the first variance measurements 
being based OQ the difference between a current sensor 
measiuement and iat least one previous sensor measure- 
ment; and 45 

modulating the base padng rate to a lower pacing rate in 
accordance with the first variance measurements. 

18. Then)ediodof dahnl7. wherdntimstepof modtt- . 
lating the base padng late comprises modulating the base 
padng rate between a prescribed resting rate and a pre- 50 
scribed sleqnng rate that is bdow the resting rate. 

19. The mediod of daim 18. whoein the step of modu* 
latir^ the base padng rate fixrtiier oompises setthig the base 
padrig rate to the steeping rate when a cmrent sensor 
measurement is bdow a seoaor measurement dneshold and ss 
a current first variance measurement is bdow a variance 
measurement tfareshcdd. 

20. The mediod of dahn 19. vrheain tbe step of modu- 
latii^ the base pacing rate&ttber comprises settiiig the base 
padng fate to the resthig rate when dther the current senses' 60 
measurement me^ or exceeds the sensor measurement 
threshold, or the current first variance measurement meets (n: 
exceeds die variance measurement threshold. 

21. Hie mediod of daim 19 forther comprising the step of 
maintaining a running average of the sensor measurements, 65 

the ninTiii^ Angfaga rfi * flii jp g the ^jgnfm* tnwifyr ^girt- thfg ah- 

old. 
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22. The method of daim 21, wherein die step of nmb- 
taining die running average comprises digitelly filtering die 
sensor measurements using a time constant of about 18 
hours. 

23. The mediod of daim 19 fnrdiar ooiiiprising die steps 
of: 

stAiiug first variance measurements derived diiring a 
predetennined period of time as a histogram, the tus- 
togiam induding a phirality of bins rangii^ fnm a 
lowest bhi to a highest bhi» each bin bemg associated 
widi a different first variance measurement value; and 

deriving the variance measurement threshold by deter- 
mining a bin associated with die highest first variance 
measurement derived while the patient was sleeping. 

24. The medxxi of daun 23, wherdn the step of driving 
the variance measurement threshold comprises: 

estimating a number of first variance measurements that 
were derived ^^e the patient was sleeping during the 
predetennined period of time in accordance with a 
prescribed fraction of time that the patient sleq)s each 
day and a total number of first variance measuremoits 

of time; and 

counting the first variance measurements stored in the 
histo^am, startirig with the lowest Un and proceeding 
through successivdy higher bins until the estimated 
number of first variance measuronents that woe 
doived vftil& the patient was sleeping have been 
counted, the bhi associated with die last count defirung 
the highest first variance measurement derived. while, 
the patient was sleephig. 

25. The method of daim 23, wherein die predetermined 
period of time is about one week. 

26. The mediod of daim 17, wherein the step of process- 
ing the sensor measurements to derive the first variance 
measurements comprises taking an absolute value of a 
difference between a current sensor measurement and an 
earlier sensor measuremoxt, and filtering die result with a 
recursive, low pass digital filter. 

27. Hie method of daim 2(S, wherein the current sensor 
measurement is derived about 26 seconds after the earlier 
sensor measurement: 

28. The method of daim 17, wherein the step of modu- 
lating the base padt^ rate cnm p ri ieipin iTyr gnmng the base 
padng rate from a prescribed sleeinng rate that defines a 

nwninrntn mftwtqiTifd hftatt inte- by an iimmmt ^nf^ by thf 

product of a prescribed base rate slope and die first variance 
measurements. 

29. The mediod of daim 28, wherein: 

the step of processing the sensor signals to derive sensbr . 
measurements comprises deriving second variance 
tiiffly ^iTiginigntji^ and 

tibie stq> of q^plying the sensor measurements to die 
transfer fimcdon oonqaises the stqi of qyplying die 
second variance measuremeate to the transition seg- 
ment of die transfer function to derive die qypropriate 
heart rate for die patient's levd of metabolic need. 

30. The mediod of ddm 29, wfaerefai the step of q^ying 
the second variance measurements to the trimsition segment 
comprises increasing the heart rate from the base padng rate 
by an amount defined by die product of a prescrited activity 
slope and the second variance measurements. 

31. The mediod of claim 29, wherein die first variance 
measurements exhibit less variation over time than the 
second variance measurements. 

32. Hie method of claim 17, wherein the step of sensing 
the patient's levd of metabolic need oonqmses sensing 
levels of physicd activity, the levds of physical activity 
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being indicative of the levds of metabolic need. 

33. A zBte>iesponsive paoemakBr for adnriniaterigg pacing 
pulses to a patient's beart, comprising: 

a pulse generator fsx generating pacing pulses at a rate 
between a variable base rate aixi a maximinn pacing ^ 
rate; 

an activi^ sensor fior generating xaw sensor signals 

indicative of the patient's acdvity level; 
control means for determining the rate of pacing poises 

generated by the pulse gmerator, the oontiol means 

indudingr 

M processing means for processing the raw sensor 

signals to detennine activity measurements; 
Cb) detecting means for detecting v^ien a patient is 

asleep based on the activity measurements; and 
(c) modulating means for varying the base padqg rate 

between a resting rate and a aleepmg rate when the 

patient is asleep. 

34. T1>eincanakerofclaim33.«l>aein: ^ 
flie processing means comprises means fo r proce ss iig the 

raw sensor measurements to defcnnine activity level 
TTwggiiTwtwytT^g and BctiviQf variance ^ efli'wtr cm e ntSi the 
activity variance measurements being based on die 
difference between a cmxent activity level measure- 2S 
ment and at least one eariier activity level measure- 
ment; and 

the detecting means comprises nsans for drtffcting when 
a patient is asle^ baaed on the activity variance 
measurements. 30 

35. The paremaVfT of claim 34^ wherein the drtrcring 
means furtlier conqmses: 

direshold determining means for determining an activity 
variance threshidd based on the acdvity variance mear 
sorements, the patient being awake when a cunem 35 
acdvity variance measurement has a value above the 
activity variance threshold and asleep when the current 
acdvity variance measurement has a vahie below the 
activity variance threshdd. 

36. The pacemaker daim 35» finther Gonqnising; 40 
memory means for storing activity variance measure- 
ments derived during a predetermined period of time as 

a histogram, die histogram including aplnrality of bins 
ranging finom a lowest fain to a higbe8t'bin» each bin. 
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being associated widi a diffietent activity variance mea- 
surement value, the idsCogtam being blmodal with a 
dominant mode conresponding to a time period when 
the patient was sleeping; and 

wherein the threshold dctermining includes 
for deriving the activity variance tiuesholjd based on a' 
distribntion of the Anrmiant mode of the histogram. 

37. The pacemaker of claim 35, vitopein the modulating 
means comprises: 

means for setting the base pacing rate to the resting rate 
when either the currem activity level measurement 
meets or exceeds tiie activity level measurement tiiresh- 
old, or die currem activity variance measurement meets 
or exceeds the activity variance thresholdL 

38. Tlie pacemaker of daim 35, vterein tiie modulating 
means comprises: 

means for setting the base pacing rate to the sleq)ing rate 
when a current sensor measurement is below the sensor 
measurement threshold and a current first variance 
measurement is below die activity variance threshold. 

39. The pacemaker of claim 34, further comprising: 
memory means for storing a base rate slope; and 
wherein the modulating means indudes means for modu- 
lating the base pacing rale by increasinig die base 
pacing rate fipom die sleqiuv rate by an amount defined 
by die product of die base nte slope and the activity 
variance measurements. 

40. Arate-responsive pacemaker for administering pacing 
pulses to a patient's heart, comprising: 

a pulse generator for generating pacing pulses at a rate 

between a base rate and a maiimnm pacing rate; 
an activity sensor for generating raw sensor signals 

indicative of the patient's activity level; and 
control means for determining the rate of pacing pulsea 

generated by the pulse generator, the control means 

including: 

processing means for processing the raw sensor signals 
to detennine activity measurements; and 

modulating means for contimioosly acyusting the base 
padng rate based on the activity measurements. 

* « • * « 
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